Abstract. The suppression of single jets at high transverse momenta in a quark-gluon plasma is studied at RHIC energies, and the additional information provided by a photon tag is included. The energy loss of hard jets traversing through the medium is evaluated in the AMY formalism, by consistently taking into account the contributions from radiative events and from elastic collisions at leading order in the coupling. The strongly-interacting medium in these collisions is modeled with (3+1)-dimensional ideal relativistic hydrodynamics. Putting these ingredients together with a complete set of photon-production processes, we present a calculation of the nuclear modification of single jets and photon-tagged jets at RHIC.
Introduction
A wealth of experimental data generated at the Relativistic Heavy Ion Collider have shown that high-p T hadrons in central A+A collisions are significantly suppressed in comparison with those in binary-scaled p+p collisions [1, 2] . Moreover, the disappearance of back-to-back azimuthal correlations has been observed in central A+A collisions, in contrast to the strong back-to-back correlations in p+p and peripheral A+A collisions [3] . Those results have been attributed to the strong interaction between hard partonic jets produced in the early stage of the collisions and the hot and dense nuclear medium created in the collisions, and they are commonly referred to as jet quenching [4] .
A lot of effort has gone into quantitatively calculating the quenching of jets taking place inside the soft nuclear matter. Experimentally, jet quenching can be quantitatively described by measurements of various quantities. One of those is the nuclear modification factor R AA of single-hadron spectra in A+A collisions with respect to that in p+p interactions scaled by the number of binary collisions. In Ref. [5] we presented a systematic calculation of R AA for pions in central and non-central Au+Au collisions at √ s = 200 AGeV by applying the Arnold, Moore and Yaffe (AMY) [6, 7, 8] formalism, where the bulk properties of the medium created in those collision are described by (3+1)-dimensional relativistic ideal hydrodynamics [9] , which has been shown to give a good description of bulk properties at RHIC. Here, we present our calculation of both radiative and collisional energy loss in the same framework and compare the relative contribution to the nuclear suppression at RHIC [10, 11] .
Additional information on jet quenching may be obtained by performing correlation measurements, i.e., studying the production of high-p T hadrons associated with trigger high-p T particles. One of the most promising suggested triggers is a high p T photon [12, 13] . Hard scatterings in the early stage of the collisions are an important source of photons. If we trigger on such photons, the transverse energy of the away-side associated jet will be determined (note, however, that at next-to-leading order, the kinematics will get contributions from additional 2 → 3 processes; we postpone this discussion to a later study.). It is noted that high-p T photons may be produced from other sources in A+A collisions, such as those involving jet-plasma interaction during jet propagation in the medium and fragmentation of surviving jets after their passing through the medium. In this work, we present a comprehensive study of jet-photon correlations by taking into account all relevant sources for high p T photon production.
Jet energy loss
In our approach, jets (quarks and gluons) evolve in the nuclear medium according to a set of Fokker-Planck type rate equations for their momentum distributions P (E, t) = dN (E, t)/dE. Here we write down the generic form of the rate equations [14, 15] ,
where dΓ j→a (E, ω)/dωdt is the transition rate for the partonic process j → a, with E the initial jet energy and ω the energy lost in the process. The ω < 0 part of the integration incorporates the energy-gain channels. The radiative and collisional parts of the transition rates have been extensively discussed in [5, 10] .
The initial jet momentum profiles may be computed from pQCD in the factorized formalism. To obtain the momentum spectra of the produced high-p T hadrons in Au+Au collisions at RHIC, the energy loss of partonic jets in the nuclear medium must be taken into account. This is performed by calculating the medium-modified fragmentation functionD h/j (z, r ⊥ , φ) for a single jet,
where D h/j (z) is the vacuum fragmentation function, and z = p h /p j and z ′ = p h /p j ′ are two momentum fractions with p h the hadron momentum and p j (p j ′ ) the initial (final) jet momentum. In the above equation, P (p j ′ |p j , r ⊥ , φ) is obtained by solving Eq. (1), representing the probability of obtaining a jet j ′ with momentum p j ′ from a given jet j with momentum p j . It depends on the path taken by the parton and the medium profile along that path, which in turn depends on the location of the jet origin r ⊥ and its propagation angle φ with respect to the reaction plane. Therefore, one must convolve the above expression over all transverse positions and directions to obtain the final hadron spectra. The initial hard parton densities are determined from the overlap geometry between two nuclei in the transverse plane of the collision zone. [10] ). The dashed curves account for only radiative energy loss, the dashdotted curves for only collisional energy loss and the solid curves incorporate both radiative and collisional energy loss mechanisms.
The calculation of R AA for pions measured at midrapidity is shown in Fig. 1 for two different impact parameters, 2.4 fm and 7.5 fm. The experimental data are taken from PHENIX [2] for the most central (0-5%) and mid-central (20-30%) collisions. The strong coupling constant α s is the only free parameter in our model and it is adjusted in such a way that R AA in most central collisions (Fig. 1, upper panel) is described. The same value, α s = 0.27, is used throughout this work for the calculation of photon production and jet-photon correlations. In this figure, we calculate and compare the relative contribution of induced gluon radiations and elastic collisions to the final pion R AA . One finds that the overall magnitude of R AA is sensitive to both radiative and collisional energy loss while the shape does not show a strong sensitivity.
Photon production
In nucleus-nucleus collisions, high-p T photons may be produced from a variety of sources, namely direct photons, fragmentation photons and jet-plasma photons. Direct photons are produced from hard scatterings in the early stage of the nuclear collisions, and may be computed from pQCD in the factorized formalism. Fragmentation photons are produced from the surviving jets after their passing through the soft medium and may be obtained in a way analogous to the calculation of high-p T hadrons by replacing the medium-modified hadron fragmentation functions by appropriated photon fragmentation function. Jet-plasma photons are those produced from the processes involving the interaction between jets and the surrounding medium when jets are traversing the plasma. They include induced photon radiation (bremsstrahlung photons) and the conversion from high energy jets by 2 → 2 scatterings (conversion photons). Jet-plasma photons may be calculated by incorporating an additional evolution equations for photons in Eq. (1),
where dΓ jet q→γ (E, ω)/dωdt are the transition rates for jetplasma channels, including photon bremsstrahlung processes and jet-photon conversion processes, Γ jet q→γ = Γ brem q→γ + Γ conv q→γ . The transition rates for induced photon radiation have been discussed in Ref. [6, 7, 8] . The transition rates for jet-photon conversion processes may be inferred from the photon emission rates in those processes,
where m 2 q = g 2 s T 2 /6 is the thermal quark mass. In the limit of E ≫ T , C 2→2 ≈ −0.36149 is a constant [8] . The δ function generates the constraint that the incoming quarks (or anti-quarks) experience no energy loss in the conversion processes.
In Fig. 2 , the high-p T photon production from different channels is shown for most central 0-10% Au+Au collisions (b = 2.4 fm) at RHIC, where the number of binary collisions is taken to be N coll = 955 [16] . Our calculations are in good agreement with the data taken from PHENIX [17] . While the direct photons dominate at the very high p T regime (p T > 6 GeV), the presence of the jet-plasma interaction is important for describing the total photon yield in Au+Au collisions at RHIC, especially in the intermediate p T (p T ≈ 3-6 GeV). The thermal photons are expected to be dominant at very low p T [15, 18] .
Photon-tagged jets
In correlation studies, one of the most interested observables is the per-trigger yield P (p asso T |p trig T ), which represents the conditional probability of producing an associated particle with momentum p asso T given a trigger particle with momentum p trig T ,
where P (p asso T ) and P (p trig T , p asso T ) are the single-particle and two-particle joint probability distributions. As for highp T photon-hadron correlations, the associated hadrons are produced from the fragmentation of survival jets after their passing through the nuclear medium, while the triggered photons may come from various sources, as has been discussed in the previous section. Therefore, the photonhadron correlations depend on jet-photon correlations and the energy loss of the photon-tagged jets.
To take into account all photon sources, we may write the photon yield as the sum of various parts, each associated with a specific source,
where the sources include direct photons, fragmentation photons and jet-plasma photons. As for direct photons, the probability distribution is P (p It would be useful to first take a look at the initial jet momentum profiles at production time, given a trigger photon with certain transverse momentum. To compare the relative contributions from different photon sources, we may break the per-trigger yield of the initial jets into different parts,
The above probability function P (p j T , src|p γ T ) is plotted in Fig. 3 for various photon sources, where the trigger photons have fixed momenta, p γ T = 15 GeV. It is obvious that the probability distribution of jets (quarks plus gluons) tagged by direct photons is a δ function with some normalization weight determined by the fraction of direct photons to total photons at 15 GeV. The momentum profiles of jets tagged by fragmentation photons and jet-plasma photons are shown by solid and dashed curves. We find that the initial jets may have higher or lower momenta than the trigger photons. This is attributed to the energy loss or gain experienced by the jets traversing the thermal medium before producing photons by fragmentation and direct jet-plasma interaction. It is found that jets tagged by fragmentation photons dominate at high momentum regime, while jets tagged by jet-plasma photons is prevalent at the relatively lower momentum regime except at 15 GeV.
By applying the medium-modified fragmentation function in Eq. (2) to the above jet momentum profiles, we may obtain the momentum profiles of the associated hadrons. Also, the per-trigger yield of associated hadrons may be written as the sum of different parts associated with dif- ferent photon sources,
In Fig. 4 , the above probability function P (p h T , src|p γ T ) for different sources of high-p T photons are plotted as a function of hadron transverse momenta. We observe that the away-side hadrons at relatively lower p T regime are mostly produced from those jets that are tagged by direct photons. However, a large amount of away-side hadrons at the higher p T regime come from those jets tagged by jetplasma photons and fragmentation photons. Especially, close to the trigger photon momentum, the away side hadron production is dominated by those jets tagged by fragmentation photons. It is noted that the away-side hadrons could have higher momenta than the trigger photon (not shown).
In the above manuscript, we only present some results for photon-tagged jets in Au+Au collisions at RHIC energies. The nuclear modification of the photon-triggered hadron production may be obtained by comparing with similar calculations for p+p collisions. Details of such calculations as well as the comparison to the experimental data will be presented in an upcoming publication [19] .
Conclusions and discussions
We first calculate the radiative and collisional energy loss of hard partons traversing the quark-gluon plasma and compare the respective size of these contributions to the nuclear suppression in Au+Au collisions at RHIC. The evolution of the thermal medium created in those collisions is modeled by utilizing (3+1)-dimensional relativistic hydrodynamics. It is found that the magnitude of R AA is sensitive to the inclusion of both radiative and collisional energy loss.
Then we apply the same formalism to study the energy loss of photon-tagged jets in Au+Au collisions at RHIC. For high-p T photon production, we take into account direct photons as well as fragmentation photons and jet-plasma photons. Our results illustrate that the interaction between hard partons and the soft medium are significant for the description of photon data at RHIC. As for the energy loss of photon-tagged jets, we observe the effects due to jet-plasma interaction and fragmentation. Especially, these sources show a significant contribution to the photon-hadron correlations at the high-p T regime for the associated hadrons. Therefore, it is important to include all photon sources for a full understanding of high-p T photon-hadron correlations at RHIC. We conclude that both high transverse momentum jets and photons as well as their correlations are very helpful in probing the interaction between hard jets and the surrounding hot and dense medium created in relativistic heavy-ion collisions.
